Abstract--Chlorite and corrensite are common clay minerals in lacustrine mudrocks from the Devonian Orcadian Basin, Scotland. The relationship of their occurrence to vitrinite reflectance data demonstrate that they are authigenic minerals, formed during burial diagenesis/metamorphism at temperatures of -> 120"C. Whole rock mineralogical and chemical analyses show that chlorite authigenesis occurred by reactions between the detrital dioctahedral clay mineral assemblage and dolomite that was formed under early evaporitic conditions in the lacustrine environment.
INTRODUCTION
Within the realm ofdiagenesis and low temperature metamorphism the geological occurrences of Mg-rich chlorite and corrensite (1:1 regularly interstratified chlorite/smectite) can be most simply divided into two types. The first includes those associated with volcaniclastic sediments (Almon et aL, 1976; Helmond and van de Kamp, 1984; Chang et aL, 1986; Inoue, 1987; Inoue and Utada, 1991) or various types of altered igneous rocks (Bettison and Schiffman, 1988; Schiffman and Fridleifsson, 1991) . The second, those that are associated with ancient marine evaporites (Droste, 1963; Jeans, 1978; Bodine, 1985; Bodine and Masden, 1987; Lippmann and Pankau, 1988) , or carbonates (Peterson, 1961; Fraser et al., 1973; Rao and Bhattacharya, 1973) , or lacustrine facies (April, 1981) .
For the first or 'marie' association, the origin of corrensite and chlorite is related to diagenesis or low temperature hydrothermal alteration. Essentially, this appears as a sequence of minerals from trioctahedral smectite in the lowest temperature zone to chlorite in the highest. Within this sequence, the first occurrence of the intermediate mineral corrensite is typically at about 100~ (e.g., Inoue and Utada, 1991) . Some exPresent address: Geologisches Institut Universit~it Bern, Baltzerstrasse 1, CH3012, Bern, Switzerland.
Copyright 9 1993, The Clay Minerals Society amples are interpreted as a more or less continuous series of mixed-layer chlorite/smectite (C/S) minerals (Helmold and van de Kamp, 1984; Chang et aL, 1986) , analogous to the classic model for the dioctahedral smectite to illite reaction. Other examples are interpreted as prograde sequences of the three phases smectite, corrensite, and chlorite, but in zones that may be grossly overlapping (Inoue, 1987; Inoue and Utada, 1991) and with various interstratifications and/or intergrowths of these minerals being the norm. The emerging consensus seems to be with the latter interpretation, wherein corrensite is considered a discrete phase, rather than an interstratification of smectite and chlorite layers (Reynolds, 1988) .
In contrast, for the "evaporite-carbonate" association, the origin of chlorite and corrensite is classically related to formation in an evaporitic environment either during, or shortly after, deposition. The proposed mechanisms for corrensite and chlorite formation include neoformation from concentrated hypersaline brines or, alternatively, transformation of detrital clay minerals (Lucas, 1962; Jeans, 1978; Hauff, 1981; Fisher, 1988; Lippmann and Pankau, 1988) . The evidence for such interpretations is basically two-fold: 1) Mgrich chlorite and corrensite occur in association with evaporitic facies from many different sedimentary basins worldwide, yet they are comparatively rare in other facies deposited under normal marine or fresh 240 Vol. 41, No. 2, 1993 Chlorite minerals in Devonian mudrocks 241 water conditions; 2) the distribution of clay minerals is often zoned, passing from dioctahedral clays at the basin margin, through an intermediate zone characterised by corrensite, and eventually to a chlorite zone in the basin centre. This zonation generally follows that of the evaporites and other facies and, hence, the changing chemistry of the depositional and/or early diagenetic environment.
These studies of the 'evaporite-carbonate' association imply that corrensite may form at surface temperatures. However, as pointed out by Bodine and Madsen (1987) , there is no evidence from any modern evaporitic environment to support this contention. The Mg-rich clay minerals which form at surface temperatures, in both alkaline saline lakes and restricted marine basins, are invariably varieties of trioctahedral smectite or the fibrous clay minerals palygorskite and sepiolite (Jones, 1986; Chameley, 1989) . This observation led Bodine and Madsen (1987) to postulate that minerals they interpreted as C/S (with varying proportions of expandable layers) from a Pennsylvanian evaporite cycle in the Paradox Basin, Utah, may have formed from precursor authigenic Mg-rich smectites 1,6=3.0%Ro SC 8-9 (dry gas zone) ,'~ ~,x~ 0.7-1.5%Ro SC 6-7 (oil window...+) ,,/,/~'r ~> 3.0%R0 SC 10-11 (rnetamorpho~ed) ~<~1 "~ ~' I r 50kin
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MATERIALS AND METHODS
All samples discussed are grey-green mudrocks collected at outcrop in the Orcadian Basin and are part of a much larger suite of 444 samples of both mudrocks and sandstones studied by Hillier (1989) , wherein the full details of localities and methods are given. The grey-green mudrocks discussed here represent a facies which was studied in the most detail. They are richer in clay minerals and poorer in carbonate than the associated carbonate laminite facies (Donovan, 1980) . The selection of as constant a litho-facies as possible was deemed essential to facilitate subsequent mineralogical comparison. In addition, the particular samples were selected because their diagenetic grade was well constrained, mostly by measurement of vitrinite reflectance on the actual sample itself, or by an estimate based on vitrinite reflectance data from other samples at the same, or a neighboring, locality (Tables 1 and  2 ). Detailed vitrinite reflectance and spore color maps for the Orcadian Basin are given in Hillier and Marshall (1992) and Figure 2 is a summary map.
Crushed samples were dispersed in de-ionised water using an ultrasonic probe and the < 2 #m fraction was separated by gravity settling. The samples were Mg saturated, washed free of chloride and sedimented by centrifuge. Orientated samples were prepared by the smear method and X-ray diffraction (XRD) patterns were recorded in the air-dried state, after glycolation (vapor pressure method), and after heating to 375 ~ and 550~ for 1 hr. Estimates of the relative abundance of clay minerals in the < 2 ttm fraction were made by a modified version (Hillier, 1989 ) of the method described by Johns et al. (1954) . These estimates serve simply to illustrate trends in abundance between sampies, not absolute amounts. Experimental XRD patterns of mixed-layered minerals were compared to patterns calculated with NEW-MOD (Reynolds, 1985) . The parameters used were: Soller slits 6.6 and 2, divergence slit 1, exchange cation Mg, goniometer radius 17.3 cm, sample length 3 cm, mass absorption coefficient (mustar) 45, and orientation function (sigma star) 12. The program was also modified to include a 31.1 ~ corrensite layer to enable calculation of various types of interstratified chlorite/ corrensite minerals.
Semiquantitative analyses of the whole rock mineralogy were made by XRD of random powders using aluminum powder as an internal standard. The weight percentage of each mineral present was determined from the intensity ratio of selected peaks of the mineral to those of the standard, corrected by a constant of proportionality determined from mixtures of pure minerals and the standard. For minerals present in amounts greater than 15%, the precision and accuracy of the determination is generally • 10% relative to the amount present. Chemical analyses of mudrocks were made by X-ray fluorescence spectrometry (XRF) on fused glass beads using a Philips PW 1400 XRF.
Electron microprobe analyses of clay minerals were 244
Hillier
Clays and Clay Minerals made using a wavelength dispersive Cameca Camebax machine with an accelerating voltage of 15 kV, beam current of 10 nA and a spot size of 2 #m. Chlorite analyses were selected using an arbitrary upper limit of 0.5 wt. % for total CaO + Na20 + K20, and structural formulae calculated assuming an ideal anionic framework ofOzo(OH)l 6. All Fe is assumed to be Fe 2 §
RESULTS

Whole rock mineralogy and chemistry
Mineralogically, the samples are typical of many mudrocks, containing an average of about 25% quartz and 50% clay minerals (phyllosilicates) with the remainder divided principally between feldspars and carbonates (Table 1) . Carbonate content, mostly dolomite, varies widely and some of the samples border on the compositional field of marls (35%-65% carbonate: Pettijohn, 1957) . Notably, the most calcareous samples are low organic maturity samples which typically contain about 20% dolomite with little if any calcite. Amongst the clay minerals, illite, and illite/smectite are dominant, followed by chlorite minerals and kaolinite. The most obvious trend in the clay mineral composition of the whole rock is the frequent absence of chlorite from low organic maturity samples, particularly those samples which are rich in dolomite (Table  1) . Chemically, all the samples appear to be similar (Table 2) ; the most obvious variation is CaO content ( Table 2 ). The standard deviation for CaO is over two times that of MgO for approximately the same mean concentration.
X-ray diffraction of the <2 gm fraction
X-ray diffraction patterns of the glycolated <2 #m fraction of five of the samples listed in Tables 1 and 2 are shown in Figure 3 and estimates of the relative percentages of different clay minerals are included in Table 1 . Samples 928, 471, and 409 are from areas of relatively low organic maturity and samples 449 and 483 are from regions of higher maturity. The samples which contain chlorite show a clear increase in the "'crystallinity" of this mineral from the relatively broad peaks in sample 409 to the considerably narrower peaks in sample 483. This trend is correlated with increasing diagenetic grade as evidenced by the vitrinite reflectance data (Table 1) and is a general trend typical of all the samples which have been examined (Hillier, 1989) . The illitic clay minerals illustrated in Figure 3 all show fewer than 10% expandable layers and, like chlorite, there is an increase in "crystallinity" from samples of low to high organic maturity. The samples shown (Figure 3 ) are from Caithness and Orkney (Figure 1) . Further south in the basin, low organic maturity samples may contain illite/smectite with up to 30% expandable layers (Hillier and Clayton, 1989) . Apart from chlorite, illite and illite/smectite, some samples contain kaolinite and others corrensite, but these two minerals are never observed in the same sample (Table  1) . Both tend to be more common in low organic maturity samples, although corrensite may be present in samples with vitrinite reflectance values of up to 3% (Hillier, 1989) . glycolated traces of samples 838 and 456 shows that both these samples also contain an expandable chlorite mineral. Lack of resolution, however, from the discrete chlorite in these samples makes precise identification of these minerals difficult. The only peak which is resolved is that at about 31 /~, but in both cases it is a weak reflection, much less intense than in sample 816. Nevertheless, the presence of this peak is important because it indicates either the presence of R 1 ordered C/S or of corrensite. Overall, the impression is that of a series of expandable minerals ranging between corrensite, such as in sample 816, to chlorite, as in sample 21. This last sample shows only slight changes between the air-dried and the glycolated traces, being mainly characterised by its relatively broad chlorite peak widths . Sample 409 in Figure 3 shows a very similar diffraction pattern to sample 21 and both pat- . 4 l, No. 2, 1993 Chlorite minerals in Devonian mudrocks 247 terns are typical for chlorite in areas of low organic maturity. Also, for the patterns obtained after heating to 375 and 550"C, the impression is that of a series from the resolved peaks of corrensite in sample 816, through the asYmmetrical broadened, composite peaks of 838 and 456, to that which is essentially chlorite in sample 21. Attempts to estimate the proportion of expandable layers in the mixed layer chlorite minerals were made using peak migration curves calculated for R1 ordered C/S for the peak which migrates between 8.5 and 7.1 9 ~ (Hower, 1981 ) , Because of the lack of complete resolution of this peak from that due to discrete chlorite, peak positions were obtained using a peak decomposition program (Lanson and Besson, 1992) . The composite peak was assumed to consist of two peaks both with Lorentzian shapes, one due to discrete chlorite and the other due to the expandable mixed-layer mineral. With these assumptions, the results indicate close to 50% expandable layers for sample 816, 30% for sample 838, 10% for sample 456 and <5% for sample 21. In some cases, better overall fits were obtained using three peaks, two very close to the position of chlorite and a third for the expandable mineral. With three peak fits, differences in the estimates of expandability amounted to < 5% expandable layers; however, the physical significance of a three-peak fit seems more doubtful and the simpler two-peak fit is preferred.
Polytypes
Chlorite polytype analysis is in all cases hampered by the presence of illitic clay minerals whose peaks interfere with those of chlorite. Attempts to determine the chlorite polytype were, therefore, made by obtaining diffraction patterns before and after treatment of the samples with hot 1 N HCI for half an hour and subtracting the HC1 treated pattern from the untreated pattern to obtain the pattern for chlorite, which is destroyed by the HC1. The results of this treatment for sample 21 are shown in Figure 7 and indicate that the dominant polytype is the IIB. In all cases the IIB polytype was found to be dominant (Hillier, 1989) , although trace amounts of other polytypes cannot be ruled out.
Electron microprobe data
Petrographic examination of polished thin sections using backscattered electron microscopy shows that both detrital and authigenic chlorites are present in Orcadian mudrocks (Hillier, 1989) . Each type is easily identified by its morphology. Detrital chlorites occur as elongate cleavage flakes which polish well. In con- Figure 6 . XRD patterns of samples containing mixed-layer chlorite minerals after heating to 375 and 550~ for 1 hr. CR = corrensite, C = chlorite, I1 = iUite. trast, authigenic varieties Occur as much finer-grained, less well polished aggregates, in some cases filling micropores and in other cases with outlines suggestive of grain replacement. Examples of microprobe analyses of the two types are given in Table 3 . Other analyses of authigenic examples are given in Hillier and Velde (1991) and all analyses are plotted in Figure 8 . Mg and Fe-rich varieties occur for both authigenic and detrital chlorites, but on the whole the detrital chlorites are richer in Fe and AI. In addition, the detrital examples tend to have octahedral totals close to ideal for a trioctahedral mineral, many overlapping the fully trioctahedral line (Figure 8 ). This is typical of high temperature chlorites (Laird, 1988; Hillier and Velde, 1991) . For the authigeni c examples, there is a distinct tendency towards low octahedral totals, particularly for the Mg-rich Al-poor varieties.
In addition to the microprobe analysis of samples containing only chlorite (based on XRD), analyses were also made on four samples which contain mixed-layer chlorite minerals (Figures 4-6) . Because of the presence of expandable minerals, analyses were made after exchange of the interlayer cations with Cs § in the thin section (Hillier and Clayton, 1992) . Use of this technique confirms the expandable character of a mineral. It also allows analyses contaminated by other Na +, K +, or Ca 2 § bearing minerals to be identified and avoided, simply by applying the same criteria used to select "good" chlorite analyses. Furthermore, from the amount of Cs + taken up it is possible to calculate the cation exchange capacity (CEC), which should be related to the proportion of expandable layers present. Figure 9 shows the results of these calculations as histograms of the CEC vs N, the number of analyses, selected as described. For sample 816, which contains corrensite, there is a group of analyses with CECs of about 40 meqs/100 g, Sample 838 shows both a reduced and negatively skewed distribution, with maximum CECs of about 20 meqs/100 g. CECs are further reduced for sample 456, and sample 21 consists almost entirely of analyses with CECs of 5 meqs/100 g or less, a reasonable value for a pure chlorite with little or no expandable layers. In Figure 10 the same CEC data are plotted against the Fe/(Fe + Mg) ratio. This shows that in all four samples there are both Fe and Mg-rich chlorite minerals present, but invariably the highest CECs are associated with the Mg-rich minerals. CECs for the Fe-rich minerals are consistently low. Only in sample 21, which by XRD shows little evidence for expandable layers, do both Mg-rich and Fe-rich varieties have similar CECs, all of which are low.
Examples of individual microprobe analyses of the most expandable Mg-rich chlorite minerals from each sample are given in Table 4 . Structural formulae for these analyses are calculated as chlorite, i.e., on a 28 oxygen basis, and also on a variable oxygen basis determined from estimates of the proportion of smectite- like (22 oxygen) and chlorite-like (28 oxygen) layers. Variable oxygen calculations are necessary to compare cation site occupancy and are made in two different ways. In the first case, the number of oxygens are calculated simply from the proportion of the two layer types estimated by XRD. In the second case, the oxygen basis is determined from an estimate of the proportion of layer types calculated from the sum of tetrahedral plus octahedral cations for an analysis cast as if the mineral were a chlorite. The assumptions of this second method are that both the smectite-like and chlorite-like layers are fully trioctahedral, i.e., they contain 6 and 12 octahedral cations, respectively. The proportion of expandable layers is then given by
where S is the sum of octahedral plus tetrahedral cations in the formula that is cast as chlorite.
The variable oxygen structural formulae show that there are a number of trends in the analytical data for corrensite, through the intermediate minerals, to chlorite. Tetrahedral Si decreases by up to about 0.5 atom, and, conversely, tetrahedral aluminum increases by this amount. Total aluminum increases significantly by up
"-/ 9 9 ,t i. 
R2+
Figure 8. Chemical composition of detrital and authigenic chlorites from Orcadian mudrocks plotted in the vector representation of chlorite composition of Weiwi6ra and Weiss (1990) as used by Hillier and Velde (1991) .
to 1.5 atoms, indicating that octahedral aluminum increases by about 1 atom. Fe and Mg also increase by almost 1 atom each. Together these changes raise the total number of octahedral cations from near 9 for corrensite towards 12 for that of chlorite. There is, of course, no significant change in the Fe/(Fe + Mg) ratio because the analyses were selected on the evidence that all the expandable minerals in the series from corrensite to chlorite are Mg-rich ( Figure 7) . Neither is there any significant change in the Al/(A1 + Fe + Mg) ratio of the octahedral cations.
DISCUSSION
Origin of chlorite minerals
The whole rock mineralogy of the Orcadian mudrocks (Table 1) shows that they can be divided on the basis of chlorite content (absent or abundant). A similar subdivision can be made on a basin-wide scale where the distribution of chlorite defines regions where it is ubiquitous and others where it is essentially absent (Hillier, 1989) . Comparing chlorite distribution to vitfinite reflectance data for the samples in Table 1 and for the Orcadian Basin as a whole (Hillier and Marshall, 1992) , it is evident that the occurrence of chlorite minerals is related to diagenetic grade. In areas where vitfinite reflectance is greater than 1.3%, chlorite minerals are ubiquitous, whereas in areas of lower maturity their occurrence is either sporadic or they are absent. This relationship indicates that the majority of the chlorite minerals found throughout the Orcadian Basin are authigenic and were formed during diagenesis/metamorphism. In an early reconnaissance study of the clay mineralogy of the Orcadian Basin, Wilson (1971) concluded that the abundant chlorite was probably detrital because it was well crystallized. This early study, howVol. 41, No. 2, 1993 Chlorite minerals in Devonian mudrocks 249 ever, was made without the benefit of organic maturity data that demonstrate that large parts of the basin have been metamorphosed. Undoubtedly, some amount of detrital chlorite is often present, as evidenced by the occurrence of large flakes of chlorite in thin-section which can be analyzed with the microprobe (Table 3) . However, many low-maturity samples show no XRD evidence for the presence of chlorite, suggesting that detrital chlorite is generally not present in abundance. In addition to demonstrating that most chlorite is authigenic, the organic maturity data combined with the whole rock semiquantitative mineralogy and chemical composition provide insight into the mechanism of chlorite authigenesis. From the mineralogical data (Table 1) , it is evident there is an inverse relationship between the occurrence of chlorite and dolomite (Figure 11) . The organic maturity data show that this inverse relationship is a function of maturity (Figure 12 ). In many low maturity samples, dolomite is abundant (15-20 wt. %) and chlorite absent; whereas at high maturities, chlorite is abundant (10-15 wt. %) and dolomite is minor or absent. There is, however, no apparent change or systematic trend in the MgO content of these mudrocks across the entire range of maturity (Figure 12 ). With few exceptions, the amount of MgO is between 3-5 wt. %. Neither are there any obvious systematic changes in the abundance of any of the other oxides, excepting CaO, which is often lower in samples containing chlorite than those in which chlorite is absent (Table 2 ). These data indicate that the formation of chlorite minerals in Orcadian mudrocks occurred by a reaction which involved dolomite as the source of Mg and Fe, and by necessity the detrital assemblage of dioctahedral clay minerals and quartz as the sources of A1 and Si.
The diagenetic formation of chlorite by a reaction that involves the breakdown of dolomite has been described previously by Muffler and White (1969) from the Pliocene and Quaternary siltstones and sandstones of the Salton Sea geothermal field, California, which are presently undergoing hydrothermal metamorphism. Dolomite, ankerite and kaolinite, present in the sediments at shallow depths, are replaced by an assemblage of chlorite and calcite over the depth interval from 1200 to 2300 ft. Muffler and White (1969) explained the changes in mineralogy by a metamorphic reaction similar to that originally proposed by Zen (1959) .
5 Dolomite + Kaolinite + Quartz + Water = Chlorite + 5 Calcite + 5 CO2
More recently, Hutcheon et al. (1980) documented this reaction in Cretaceous sandstones of the Kootenay formation near Calgary, Canada, and later (Hutcheon, 1990) in sandstones from the Venture Field of the Scotian Shelf, Nova Scotia. In addition, Hutcheon et al. (1980) Figure 9 . Cation exchange capacities determined from elec, tron microprobe analyses of chlorite minerals in thin-sections of samples 816, 838, 456, and 21 vs N the number of analyses. (Hillier, 1989) ; therefore, a reaction between dolomite and kaolinite, such as in Eq. 2, probably cannot account for the ubiquitous formation of chlorite at high maturities. Unlike kaolinite, illite/smectite is ubiquitous in low maturity samples (Hillier and Clayton, 1989) and thus chlorite is believed to have formed mainly by a reaction between dolomite and illite/smectite, similar to Eq. 3. Two other aspects of the whole rock data (Table 1 ) are also consistent with a reaction similar to Eq. 3. Firstly, high maturity samples are generally richer in K-feldspar than low maturity ones, suggesting that the K § liberated by such a reaction has resulted in the formation of K-feldspar. And secondly, reactions such as Eq. 2 and Eq. 3 produce calcite, which is generally absent in low maturity samples that are rich in dolomite but present in the majority of both low and high maturity samples which contain chlorite. It is also worth noting that complete reaction of about 20 wt. % do- lomite would produce approximately 1 mole of CO2 per kilogram of mudroCk. This is roughly 10 times the quantity of CO2 that could be produced by the decarboxylation of organic matter, as calculated by Bjorlykke (1988) , for the most favourable case of shales rich in humic kerogen. If reactions between clay minerals and carbonate in mudrocks and shales are more common than realised they would clearly have important consequences for diagenesis in adjacent sandstones.
Two samples (315 and 870) that have much lower MgO contents than most others (Table 2) are from lake intervals deposited high on an alluvial fan during a Vol. 41, No. 2, 1993 Chlorite minerals in Devonian mudrocks 251 time of maximum transgression. These samples are of relatively low maturity and contain neither dolomite nor chlorite. The formation of dolomite in the Orcadian lake sediments has been related to times of regression and evaporitic concentration of the lakes (Janaway and Parnell, 1989) . Therefore, the absence of dolomite in these samples may be related to their paleogeographic location. Such exceptions serve to emphasize that the whole rock mineralogical trends apply only to a particular facies, other facies would give different trends. For example, facies which are much richer in dolomite and poorer in clay minerals may still contain abundant dolomite even at the highest maturity.
Structure and chemistry of chlorite minerals
Neither the structure nor the chemistry of minerals in the series between trioctahedral smectite and chlorite are well understood. Apart from corrensite, examples of intermediate minerals have only rarely been reported, and are not easily characterised by XRD. Indeed, as pointed out by Reynolds (1988) , occurrences of discrete corrensite are so numerous by comparison that it is perhaps best regarded as a discrete phase in a thermodynamic sense, rather than a simple intermediate mixed-layer C/S. Others, including Meunier et aL (1988) , Shau et al. (1990) , and Inoue and Utada (1991) have all arrived at the same conclusion. Reynolds (1988) further suggested that minerals intermediate between corrensite and chlorite may be metastable mixtures of these two phases in the sense of Lee et al. (1985) . This HRTEM study by Lee et al. (1985) and a series of related HRTEM studies (referenced therein) have shown that in the diagenetic realm, phyllosilicate crystallites consist of domains of discrete minerals together with domains in which the minerals 
Percent
Relationship between vitrinite reflectance and Figure 12 . weight percent of chlorite (triangles), dolomite (diamonds), and MgO (line) in Orcadian mudrocks, data in Tables 1 and  2 . At low maturity chlorite is absent from many samples and these same samples are rich in dolomite. At maturities higher than about 1.3% Ro all samples contain chlorite and either no dolomite or much less dolomite than low maturity samples. Although the inverse relationship between chlorite and dolomite is clearly related to maturity, the MgO content of the samples remains relatively constant throughout the maturity range.
are intimately interstratified. In fact, direct HRTEM evidence of mixed-layer chlorite/corrensite in metabasalts was provided by Shau et al. (1990) . Furthermore, Shau et al. (1990) argued that the most stable kinds of interstratifications in the smectite to chlorite series should be mixed-layer smectite/corrensite and chlorite/corrensite, rather than interstratifications of smectite and chlorite layers.
The XRD diffraction patterns of mixed-layered chlorite minerals from the Orcadian Basin appear to range between corrensite and chlorite. Such a range indicates that these two minerals can be considered as end members and it follows that intermediate minerals ought to be mixtures of them. In other words, minerals that appear to be intermediate are more realistically described as interstratified chlorite/corrensite rather than as interstratified C/S. This scheme has implications for the types of layer sequences that may occur. For in- 2 Theta Cu K alpha Figure 13 . Diffraction patterns of chlorite/corrensite (12%) calculated using the NEWMOD program: A) randomly interstratified; B) segregated; and C) completely segregated which produces a pattern like a physical mixture (junction probabilities adjacent to each pattern). Note that with only 12% corrensite (i.e., about 10% expandable layers) segregation produces a low angle reflection at 31 ~.
terstratifications of chlorite with corrensite an expandable (smectite-like) layer can never be directly followed by another expandable layer, simply because smectite itself is not one of the component layers (Reynolds, 1988) . Thus diffraction patterns of randomly interstratified (R0) chlorite/corrensite are identical to those for maximum R1 ordered C/S with compositions in the range < 50% smectite layers 9 Therefore, estimates of the proportion of expandable layers based on XRD patterns calculated for maximum R 1 C/S are valid also for R0 chlorite/corrensite, but the proportion of expandable layers is not equal to the mole fraction of corrensite. This is given by the proportion of expandable layers divided by the proportion ofnonexpandable layers. For example, minerals such as that in sample 838, which appear to contain about 25% expandable layers, would correspond to chlorite/corrensite (33%). According to Hower (1981 ) and Reynolds (1988) the R 1 ordering peak for C/S at 31 ~ is no longer detectable for compositions that deviate more than about 10% from the ideal 50/50 composition. This must also be the case for the statistically identical R0 chlorite/corrensite, although here the peak is not due to ordering but to the presence of a 31 /~ component layer, i.e., corrensite. The presence of a 31 /~ peak, albeit small, in samples such as 838 and 456 is, therefore, not compatible with the estimates of 30% and 10% expandable layers for the mixed-layered minerals in these samples 9
Two explanations are favoured: Either the peak at 31 is due to discrete corrensite in the samples, or corrensite occurs randomly interstratified with chlorite, but with a strong tendency towards segregation in order to produce a 31 ~ peak. The presence of this peak is certainly incompatible with an assemblage of R0 C/S plus chlorite. Corrensite, plus chlorite, plus R0 C/S is a further possible but less probable assemblage (Shau et al., 1990) .
Examples of a randomly interstratified and segregated chlorite/corrensite calculated with Reynolds NEWMOD program are shown in Figure 13 . Extreme segregation produces a pattern like a physical mixture. By XRD alone, it is clearly difficult to make an unequivocal distinction between the presence of discrete corrensite and a segregated structure. Furthermore, what occurs as segregated crystallites in the rock might well be arranged quite differently by the time it is sedimented on a glass slide ready for XRD. The chemical analyses of the minerals, however, provide another line of evidence 9
A CEC of 40-50 (meqs/100 g) seems reasonable for a pure corrensite , which is based on XRD present in sample 816. Reduced CEC values ( Figures  9 and 10 ) show that it is not possible to make an analysis of a pure corrensite in any of the other three samples, only ofintergrowths or mixtures ofcorrensite and chlorite in which the proportion of corrensite is decreasing (decreasing CEC) in accordance with the XRD patterns. Therefore, at least at the scale of the microprobe, corrensite and chlorite must be intimately associated rather than occurring at separate reaction sites. This does not prove that intergrowth occurs at the scale of individual crystallites, but such a close association suggests that this is probably the case. So, rather than a physical mixture, randomly interstratified chlorite/corrensite with a strong tendency toward segregation is the preferred interpretation.
Chemically, the most significant change in the series between corrensite and chlorite is the changing Si/A1 ratio in the tetrahedral sheets. This increase in Al is interesting because the various environments in which the smectite-corrensite-chlorite series are observed are characteristically Al-poor. In addition, the assemblage corrensite plus kaolinite is rarely, if ever, observed. Usually, the formation of corrensite is explained by, or linked to, the availability of Mg. However, this trend of increasing A1 suggests that, within Mg-rich systems, the availability of Al may play an important role in determining whether it is smectite or corrensite, or chlorite that forms. Furthermore, the occurrence of relatively Fe-rich corrensite (Almon et al., 1976) and smectite-corrensite-chlorite series in which all the phases are relatively Fe-rich suggests that the role of Mg is not paramount. Nonetheless, it is generally the case that rocks which are relatively poor in A1 tend also to be Mg-rich 9
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Clays and Clay Minerals Shau et al. (1990) argued that, for the series smectitecorrensite-chlorite, the Fe/Mg ratio should also change, the minerals becoming progressively more Fe-rich towards the chlorite end. However, as shown here and by Bettison et al. (1991) , the Fe/Mg ratio need not change. In fact, large differences in Fe/Mg are more likely to indicate separate, generically unrelated, generations of chlorite. In the Orcadian examples ironrich authigenic chlorites "coexist" with the Mg-rich phases of the corrensite-chlorite sequence. The consistently low CECs of the Fe-rich chlorites suggest that they are completely unrelated to the corrensite-chlorite sequence of Mg-rich phases. A number of origins for these Fe-rich chlorites are possible. The composition of the original dolomite, which is usually ferroan, may have been variable, or zoned, so that at certain reaction sites mostly Mg was available and at others mostly Fe. Alternatively, the Fe-rich authigenic chlorite may be a product of another diagenetic reaction such as the smectite-to-illite conversion. Regardless of their origin, however, the presence of both Fe and Mg-rich authigenie chlorites in the same small volume of rock demonstrates disequilibrium on a microscopic scale, which is probably typical of the diagenesis of many shales.
Relationships to diagenetic grade and paleotemperature
Temperature o f formation of chlorite minerals. The correlation of chlorite diagenesis with vitrinite reflectance data indicates that temperature is an important control on chlorite formation. Chlorite minerals are ubiquitous in all samples above vitrinite reflectance values of 1.3% which, according to the data of Barker and Pawlewicz (1986) , corresponds to a maximum temperature of about 170~ In geothermal wells in the Salton Sea, Muffler and White (1969) observed chlorite formation at 180~ whereas in a nearby oil well chlorite was found at temperatures as low as 125~ Similarly, from the intersection of equilibria (Eq. 1) and (Eq. 2) with the CO2-H20 miscibility surface, Hutcheon et al. (1980) obtained maximum temperatures for chlorite formation of 180"--250~ Hutcheon et al. (1980) also give a vitrinite reflectance value of 1.4% Ro (max) for the first appearance of chlorite in the Kootenay formation, although it should be noted that this value was estimated by extrapolation from a neighboring section. Thus, in both of these studies, the temperature range of chlorite formation (by reactions between clay minerals and carbonates) concurs with those estimated from vitrinite reflectance data for the Orcadian Basin.
Frequently, in the Orcadian Basin chlorite minerals also occur at lower vitrinite reflectance values of around 0.9 to 1% Ro. This suggests that chlorite formation may begin at temperatures as low as 120~ The apparent 50~ temperature variation for the the first appearance of chlorite might be due either to the influence of various other controls on the reaction besides temperature and/or to uncertainty in the temperatures estimated from vitrinite reflectance due to the influence of time, which is neglected in the model of Barker and Pawlewicz (1986) . The effect of time would be to reduce the temperature estimates so that 120~ might be considered a conservative estimate of the lowest temperature at which clay carbonate reactions may begin.
Depth/temperature related mineral and mixed-layer trends. Data on the depth related conversion of trioctahedral smectite to chlorite in sedimentary rocks are limited although examples have been described by Helmold and van de Kamp (1984) and by Chang et aL (1986) . These studies invite analogy with the well documented depth conversion of aluminous dioctahedral smectite to illite. However, the trend documented by Helmold and van de Kamp (1984) is somewhat erratic, and that shown by Chang et al. (1986) jumps rapidly from smectite to corrensite and thereafter changes little with depth.
Other examples of the conversion of trioctahedral smectite to chlorite have been documented by Inoue (1987) and Inoue and Utada (199 I) from hydrothermal alteration zones. Inoue (1987) and Inoue and Utada (1991) emphasize the existence of distinct jumps from smectite to corrensite to chlorite, and often the coexistence of these minerals in the same sample.
Some of the apparent differences between various sequences may be due to interpretation rather than fact because of the difficulty of interpreting the XRD patterns. Nevertheless, the common persistence of corrensite confirms that, unlike the smectite-to-illite conversion, corrensite is a stable intermediate in this series, more analogous to the mineral rectorite than to a mixedlayer illite/smectite mineral with an equal proportion of two component layers.
For the sequence of minerals between corrensite and chlorite documented in the present study there is certainly no systematic relationship to paleotemperature. Instead, mixed-layered minerals with varying proportions of the component layers are often found at the same locality (Hillier, 1989) , and are possibly related to minor lithological variations. Their occurrence is much like that documented by Bodine and Madsen (1987) in the Pennsylvanian evaporite cycles in the Paradox Basin, Utah, where minerals range between corrensite and chlorite over a scale of several tens of metres. Such local variations in the occurrence of corrensite, chlorite, and intermediate minerals indicate that, in comparison to the smectite-to-illite conversion, the depth/temperature related conversion ofcorrensite to chlorite is best regarded as only a general trend that might be very dependent on local chemical conditions.
It follows from the above discussion that within the smectite-corrensite-chlorite sequence the only reliable indicators of paleotemperatures or relative diagenetic Vol. 41, No. 2, 1993 Chlorite minerals in Devonian mudrocks 255 grade are likely to be the first or last appearance of a particular mineral. Moreover, the occurrence of examples (Bodine and Madsen, 1987; Schultz, 1963) where, as in the present study, the minerals range only between corrensite and chlorite suggests that the smecrite to corrensite part of the sequence may not have occurred. That is, corrensite formation by reactions that do not involve a smectite precursor results in sequences of minerals ranging only from corrensite to chlorite. Direct measurements made in boreholes indicate that temperatures of about 100~ are necessary for the formation of corrensite (Kfibler, 1973) and this is amply corroborated by more numerous correlations with vitrinite reflectance which are consistently between 0.6-0.8% Ro (Table 5 ). According to Barker and Pawlewicz (1986) , these vitrinite reflectance values indicate temperatures between about 90 ~ and 120~ Since corrensite always occurs with chlorite in Orcadian mudrocks, the lower temperature limit for the formation of corrensite is estimated also to be in the region of 120~ which is in good agreement with the data from the literature (Table 5) .
With increasing diagenetic grade corrensite is generally believed to evolve towards chlorite, although there may be no systematic trends. The Orcadian minerals with intermediate compositions may be evidence of such an evolutionary sequence. Furthermore, below about 2.5% Ro, Orcadian chlorites have relatively broad diffraction patterns and show traces of expandable layers, consistent with formation, at least in part, from original corrensite. Nevertheless, at low maturities obvious mixed-layer minerals always occur with discrete chlorite, indicating either that chlorite also forms directly and/or the conversion of corrensite to chlorite is very locally controlled, perhaps favouring the formation of segregated crystallites.
The upper temperature limit for the stability of corrensite is not well known, although Kiibler (1973) and Velde (1985) suggested similar temperatures of 250~ and 280~ respectively. More recently, Bettison and Schiffman (1988) estimated 225~ from a study of the Point Sal ophiolite and Inoue and Utada (1991) 200~ for a sequence of Miocene volcaniclastics. Although the data are limited, the distribution of corrensite and mixed layer chlorite/corrensite in the Orcadian Basin appears to be confined to samples with vitrinite reflectance values of < 3%. According to Barker and Pawlewicz (1986) , 3% Ro corresponds to a temperature of about 260~ and thus the Orcadian data appear to fit with previous estimates. At vitrinite reflectance values greater than 3%, Orcadian chlorites are characterised by increasingly sharper peak profiles, as illustrated by sample 483 in Figure 3 . This may correspond to the final loss ofcorrensite layers and/or increasing domain size.
In summary, in the Orcadian Basin, there is no precise trend of expandability or mixed-layer proportions that can be related to paleotemperature, only a general paleotemperature interval of about 120"-260~ within which corrensite and a range of mixed-layered minerals variously evolved towards chlorite occur.
Chlorite polytypes. All the chlorites which were examined for polytypism were of the IIb polytype. This is the most stable polytype and is generally considered to be characteristic of high temperature metamorphic chlorites (Hayes, 1970) . Recently, however, Walker (1989) showed that authigenic chlorite in very low grade metamorphic pelites and volcanic rocks from northern Maine was exclusively the IIb polytype. Walker suggested that pore pressure and time, as well as temperature, may be important in controlling the occurrence of chlorite polytypes. In the Orcadian Basin, the IIb chlorite polytype has formed at sub-metamorphic temperatures, in some cases probably as low as 120~ a temperature well within the realm of diagenesis. This observation lends support to the conclusions of Walker (1989) and confirms the caution urged by Hayes (1970) in assuming that the presence of the IIb polytype in sedimentary rocks is evidence of a detrital origin.
Origin of chlorite minerals in the 'evaporite carbonate" association
The origin of Mg-rich chlorite and corrensite in evaporite and carbonate rocks has interested clay mineralogists ever since early studies in both Europe and North America, summarized by Millot (1964) , showed them to be unusually common in these lithologies. Invariably, they were interpreted as the products of transformations of detrital clay minerals, or as authigenic phases, formed by the action of the hypersaline sedimentary milieux. Indeed, syngenetic models have continued to be favoured by more recent studies (Jeans, 1978; Fisher, 1988; Lippmann and Pankau, 1988 ) and reviews (Hauff, 1981) . However, as pointed out earlier, neither corrensite nor Mg-rich chlorite has ever been described from modern evaporitic environments (Bodine and Madsen, 1987) . Ordered regularly interstratiffed corrensite-like minerals have frequently been described from the weathering environment (Johnson, 1964; Proust et al., 1986) ; but it is almost certainly misleading to group these minerals with diagenetic corrensites. For instance, Wilson and Nadeau (1985) have argued that interstratified clays formed by transformation from coarse grained phyllosilicates during weathering are fundamentally different from the fine grained interstratified clays formed during diagenesis. In accordance with the occurrence ofcorrensite in other sedimentary rocks and hydrothermal alterations (Table  5) , it seems more probable that corrensite is exclusively a mineral of the diagenetic or hydrothermal environment and that it first forms at temperatures of around about 100~
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Clays and Clay Minerals Iijima and Utada (1971) . Upper Cenozoic marine tuffaceous sediments and tufts, Uetsu geosyndine, Japan. Kiibler (1973) , Kiibler et al., (1979) . Various. Chudaev (1978) . Palaeocene and Oligocene Volcaniclastic flysch Stalder (1979) . Upper Eocene-Lower Oligocene, volcaniclastic Taveyannaz sandstone. Kisch (1981) . North Range Group, Southland, southern New Zealand. Monnier (1982) . Tertiary, Swiss
Molasse Basin. Helmold and van de Kamp (1984) .
Palaeogene marine arkoses, Santa Ynez mountains, California. Chang et al. (1986) . Cretaceous, sandstones and shales, Cassipore Basin, Brasil. Pollastro and Barker (1986) . Tertiary and Upper Cretaceous, Green River Basin, Wyoming. Inoue and Utada (1991) . Miocene volcaniclastics, Kamikita Japan.
(e) = estimated.
Undoubtedly, however, there are a number of possible reaction pathways by which corrensite may form ( Figure 14) . Modern evaporitic environments tend to be rich in a variety of Mg-bearing carbonates and silicates, all of which represent potential reactants during burial diagenesis. Bodine and Madsen (1987) suggested that Mg-smectites may have been the precursor ofcorrensite and chlorite in the Paradox Basin, Utah. A further pathway is via reactions between Mg-bearing carbonates and detrital clay minerals, as occurs in the Orcadian Basin. However, the potential importance of such reactions in evaporite and carbonate basins has yet to be investigated. Interestingly, in cases where the distribution of carbonates also has been studied in various detail (Merrel et al., 1957; Jeans, 1978) , the patterns are suggestive of clay carbonate reactions, but were interpreted otherwise. Such reactions might also explain why associated illites are often well crystallized. The least crystalline and finest grained dioctahedral clays would be the first to react, leaving behind only well-crystallized diagenetic and/or detrital coarser grained material. To test the hypothesis will require data on facies, whole rock mineralogy, geochemistry, clay mineralogy, and, above all, diagenetic grade. The latter presents the biggest problem because many of the occurrences are in red beds, which are usually devoid of organic matter. In the burial diagenesis hypothesis, the original presence of various Mg-minerals is directly related to the depositional environment, but the occurrence ofcorrensite and chlorite is a secondary feature that depends upon the degree of burial diagenesis. A compelling example where diagenesis is almost certainly the control was described by Chameley (1989) from the Messinian section at ODP site 652 in the Tyrrhenian Sea. Normally, the evaporite bearing Messinian sediments are devoid of chlorite minerals, but at site 652 they have been subjected to much higher temperatures than normal and chlorite and corrensite are present in abundance.
CONCLUSIONS
The range of chlorite minerals which occur abundantly in lacustrine mudrocks from the Orcadian Basin of northern Scotland are authigenic. Chlorite authigenesis occurred by reactions between a detrital dioctahedral clay mineral assemblage and dolomite. Such reactions produce considerable amounts of CO2 and, if they are more common than presently realized, they would have important consequences for diagenesis in sandstones. XRD and microprobe data indicate that minerals which are intermediate between corrensite and chlorite are not mixed-layer chlorite/smectite but mixed-layer chlorite/corrensite with a tendency towards segregation of layer types. The most significant change in the composition of these minerals is an increase in tetrahedral A1 from corrensite to chlorite. There is no change in the ratio of Fe to Mg. Within Mg-rich systems the availability of A1 may be an im- Vol. 41, No. 2, 1993 Chlorite minerals in Devonian mudrocks 257 portant parameter in determining whether it is smectite or corrensite or chlorite that forms. In the Orcadian Basin paleotemperature estimates based on vitrinite reflectance data indicate that the formation of chlorite minerals began at temperatures of about 120~ and that corrensite may persist to temperatures of about 260~ There is no correlation of mixed-layer compositions with temperature. Similar diagenetic reactions between clay minerals and carbonates may explain the occurrence of corrensite and Mg-rich chlorite in many other evaporite and carbonate successions. Indeed, it is probable that all occurrences of corrensite in such rocks are the result of diagenesis and that it is a reliable indicator of temperatures of about 100~ or more.
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